ABSTRACT The toxicity of pellitorine alone or in combination with (-)-asarinin, ␣-asarone, methyleugenol, or pentadecane (1:1, 1:2, 1:3, 2:1, and 3:1 ratios) to third instars from an insecticidesusceptible KS-CP strain and -resistant DJ-CP colony of Culex pipiens pallens Coquillett was evaluated using a direct-contact mortality bioassay. The binary mixture of pellitorine and (-)-asarinin (3:1 ratio) was signiÞcantly more toxic against KS-CP larvae (0.95 mg/liter) and DJ-CP larvae (1.07 mg/liter) than either pellitorine (2.08 mg/liter for KS-CP and 2.33 mg/liter for DJ-CP) or (-)-asarinin (11.45 and 12.61 mg/liter) alone. The toxicity of the other binary mixtures (1:1, 1:2, 1:3, and 2:1 ratios) and pellitorine did not differ signiÞcantly from each other. Based on the co-toxicity coefÞcient (CC) and synergistic factor (SF), the three binary mixtures (1:3, 2:1, and 3:1) operated synergistically (CC, 250 Ð390 and SF, 1.4 Ð2.2 for KS-CP; CC, 257Ð279 and SF, 1.1Ð2.1 for DJ-CP). The binary mixtures of pellitorine and (-)-asarinin merit further study as potential larvicides for the control of insecticideresistant mosquito populations.
Species in the Culex pipiens complex are considered to be the primary vectors of West Nile virus in North America (Fonseca et al. 2004 ) and of wuchererisais and epidemic encephalitis in some Asian countries (Ye 1995 , Lu 1999 , Rowland et al. 1999 . One of the greatest problems with controlling mosquitoes is their ability to rapidly evolve resistance to insecticides (Anonymous 2011) . Many of the insecticides currently used in the Republic of Korea (ROK) have failed to control mosquito species in the Þeld, most probably because of the development of resistance (Lee et al. 1997 , Kim et al. 2007 . Repeated applications of conventional insecticides to overcome resistance, including overdoses, increase public concern for the environmental and human health effects of insecticides (Hayes and Laws 1991) . These problems substantiate the need for the development of new improved alternatives and management strategies for mosquito control.
Various compounds (e.g., phenolics, terpenoids, and alkaloids) found in plants jointly or independently contribute to acute toxicity against various arthropod species (Wink 1993 , Lawless 2002 , Isman 2006 ). These plant-derived materials have been suggested as alternative sources for mosquito larvicides largely because they constitute a potential source of bioactive chemicals that have been perceived by the general public as relatively safe and pose fewer risks to the environment with minimal impacts to animal and human health (Sukumar et al. 1991 , Lawless 2002 , Isman 2006 . They often act at multiple and novel target sites, thereby reducing the potential for resistance (Kostyukovsky et al. 2002 , Priestley et al. 2003 , Isman 2006 . Complex mixtures exerting synergistic or potentiating actions are considered to have higher and longer-lasting effects through various mechanisms than pure compound alone (Berenbaum 1985, Hummelbrunner and Isman 2001) . In particular, we reported that (-)-asarinin, ␣-asarone, methyleugenol, pellitorine, and pentadecane identiÞed in the root of Asarum heterotropoides Schmidt (Aristolochiaceae) had good larvicidal activity against third instars from insecticide-susceptible Culex pipiens pallens Coquillett, Aedes aegypti (L.), and Ochlerotatus togoi (Theobald), as well as Þeld-collected Cx. p. pallens (Perumalsamy et al. 2010 ). However, no information is available concerning the potential of binary mixtures of these compounds for managing mosquitoes, although joint toxic effects of insecticides with plant extracts on different mosquito species have been well-noted (Shaalan et al. 2005 ).
In the current study, an assessment is made of the potential of pellitorine alone or in combination with 
Materials and Methods
Chemicals. (-)-Asarinin, ␣-asarone, methyleugenol, pellitorine, and pentadecane were obtained from A. heterotropoides root, as reported previously (Perumalsamy et al. 2010) . Triton X-100 was obtained from Shinyo Pure Chemicals (Osaka, Japan). All other chemicals used were analytical grade and available commercially.
Mosquitoes. The stock cultures of an insecticidesusceptible KS-CP strain of Cx. p. pallens have been maintained in the laboratory without exposure to any known insecticide (Perumalsamy et al. 2009 ). The DJ-CP colony was originally collected near rice paddy Þelds and cowsheds in Daejeon (ROK) and showed resistance to fenthion (resistance ratio (RR), 1179), chlorpyrifos (RR, 1174), fenitrothion (RR, 428), deltamethrin (RR, 316), chlorfenapyr (RR, 225), and ␣-cypermethrin (RR, 94), but low levels of resistance to bifenthrin, permethrin, etofenprox, ␤-cyßuthrin, and temephos (RR, Ͻ9) compared with KS-CP larvae (Perumalsamy et al. 2010) . Adult mosquitoes were maintained on a 10% sucrose solution and blood fed on live mice. Larvae were reared in plastic trays (24 ϫ 35 ϫ 5 cm) containing 0.5 g of sterilized diet (40-mesh chick chow powder:yeast, 4:1 by weight). They were held at 27 Ϯ 1ЊC and 65Ð75% RH under a 14:10 h light:dark cycle.
Bioassay. A direct-contact mortality bioassay (Perumalsamy et al. 2009) was used to evaluate the toxicity of pellitorine alone or in combination with (-)-asarinin, ␣-asarone, methyleugenol, or pentadecane at Þve ratios (1:1, 1:2, 1:3, 2:1, and 3:1) to third instars from KS-CP and DJ-CP of Cx. p. pallens. Bioassays were conducted from April to June 2010. Each compound in acetone (for (-)-asarinin) or methanol (for the other compounds) was suspended in distilled water with Triton X-100 (20 l/liter). Groups of 20 mosquito larvae in paper cups (270 ml) were exposed to each tested material solution (250 ml). The toxicity of each tested material was determined across four to six concentrations ranging from 0.1 to 200 mg/liter. Controls received the acetone-or methanol-Triton X-100 carrier solution in distilled water. All treatments were replicated three times.
Treated and control larvae were held at the same conditions as those used for colony maintenance. At 24 h posttreatment, a larva was considered to be dead if it did not move when prodded with a Þne wooden dowel. Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared solutions were used for each block of bioassays (Robertson and Preisler 1992) .
Data Analysis. Data were corrected for control mortality using AbbottÕs (1925) formula. ConcentrationÐ mortality data were subjected to probit analysis (SAS Institute 2004) . LC 50 values of the treatments were considered to be signiÞcantly different from one another when their 95% conÞdence limits (CLs) failed to overlap. The CC and SF were calculated according to the methods of Sun and Johnson (1960) and Kalyanasundaram and Das (1985) , respectively. Values of SF Ͼ1 indicate synergism and SF Ͻ1 indicate antagonism.
Results
Binary mixtures of pellitorine and (-)-asarinin (3:1 and 1:3 ratios) were signiÞcantly more toxic than either pellitorine or (-)-asarinin alone to the susceptible KS-CP larvae ( Table 1 ). The toxicity of the other three binary mixtures of pellitorine and (-)-asarinin (1:1, 1:2, and 2:1 ratios) did not differ signiÞcantly from that of pellitorine alone. Based on the CC and SF values, the four binary mixtures (except for 1:1 ratio) operated synergistically (CC, 250 Ð390 and SF, 1.1Ð2.2) against susceptible Cx. p. pallens larvae. The binary mixtures of pellitorine and ␣-asarone, methyleugenol, or pentadecane at all tested ratios were signiÞcantly less toxic than that of pellitorine alone. Mortality in the acetoneor methanol-Triton X-100-water-treated controls was Ͻ2%.
The toxic effects of binary mixtures of pellitorine and each tested compound on the insecticide-resistant DJ-CP larvae were likewise compared ( Table 2 ). The binary mixture of pellitorine and (-)-asarinin (3:1 ratio) was signiÞcantly more toxic than either pellitorine or (-)-asarinin alone. The other four binary mixtures of pellitorine and (-)-asarinin (1:1, 1:2, 1:3, and 2:1 ratios) did not differ signiÞcantly from pellitorine alone in toxicity. As judged by the CC and SF values, the binary mixtures (except for 1:1 and 1:2 ratios) exhibited a synergistic interaction (CC, 257Ð279 and SF, 1.1Ð2.1). The toxicity of binary mixtures of pellitorine and ␣-asarone, methyleugenol, or pentadecane was signiÞcantly lower than that of pellitorine alone.
Discussion
Our current Þndings clearly indicate that binary mixtures of pellitorine and (-)-asarinin (1:3, 2:1, and 3:1 ratios) exhibited a synergistic action against both KS-CP and DJ-CP larvae, based on the CC and SF values. In particular, a 3:1 mixture was signiÞcantly more effective than either pellitorine or (-)-asarinin alone. This original Þnding indicates that these mixtures may hold promise for the development of novel and effective mosquito larvicides even against insecticide-resistant mosquito populations. Individual compounds are however active at high concentrations, which makes them uneconomical for practical use. George and Vincent (2005) reported that binary mixtures of petroleum ether extracts from Annona squamosa L. (Annonaceae) and Pongamia glabra Vent. (Fabaceae) against Culex quinquefasciatus Say exhibited a synergistic action at all tested ratios (3:1, 1:1, and 1:3). Most studies on the synergistic, antagonistic, and additive toxic effects of binary mixtures involving phytochemicals have been conducted on agricultural pests rather than disease vectors. It has been demonstrated that (E)-anethole acted synergistically with thymol, citronellal, and ␣-terpineol against Spodoptera litura (F.) larvae (Hummelbrunner and Isman 2001). Investigations on the joint toxic action mechanisms of binary mixtures and the insecticide-resistance mechanisms are of practical importance for mosquito control largely because they may give useful information on the most appropriate formulations to be adopted for their future commercialization and for future resistance management , Perumalsamy et al. 2010 . Myzus persicae (Sulzer) is less likely to evolve resistance to complex mixtures of a reÞned Azadirachta indica A. Juss. (Meliaceae) seed extract than to pure azadirachtin alone (Feng and Isman 1995) . However, available information on toxic effects of binary mixtures of phytochemicals on mosquitoes, particularly insecticide-resistant mosquitoes, is limited. Shaalan et al. (2005) noted the enhanced toxicity of binary mixtures of some plant extracts with an insecticide against different mosquito species. Joint toxic action mechanisms of binary mixtures of chemicals may interfere with the activation of each compound, or detoxiÞcation reactions induced by enzyme systems such as cytochrome P450 monooxygenases, glutathione S-transferases, and/or esterases (leading to rapid detoxiÞcation or sequestration of a chemical), or with both mechanisms in insects. The most plausible explanation for the enhanced toxicity of a binary mixture would be the hypothesis that one toxicant interferes with the enzymatic detoxiÞcation of the second toxicant, thereby potentiating its toxicity (Corbett 1974) . Thangam and Kathiresan (1990) studied the toxicity of DDT, BHC, and malathion, and the effects of their synergism with leaf and ßower extracts of Bougainvillea glabra Choisy (Nyctaginaceae) on Culex sitiens Wiedemann. They suggested that the synergism might be because of the plant extract inhibiting some factors, such as detoxifying enzymes in mosquito larvae.
In the current study, (-)-asarinin acted as a powerful synergist, enhancing the effectiveness of pellitorine against both KS-CP and DJ-CP larvae. Many of the lignans, such as asarinin, found in plants contain methylenedioxyphenyl (MDP) substituents that interfere with insect detoxiÞcation via cytochrome P450 (Berenbaum 1985) . The synergist piperonyl butoxide contains a MDP moiety. Hummelbrunner and Isman (2001) suggested that the inclusion of multiple plant constituents increases the insecticidal spectrum of action relative a single constituent, because different target species have different responses to individual constituents. However, detailed tests are needed to fully understand the exact synergy mechanism of the binary mixture of pellitorine and (-)-asarinin.
In conclusion, the binary mixtures of pellitorine and (-)-asarinin could be useful as larvicides in the control of mosquito populations, particularly in the light of their activity against insecticide-resistant mosquito larvae. For practical use of the binary mixtures as novel larvicides to proceed, further research is needed to establish their human safety. In addition, their effects on nontarget aquatic organisms and the environment need to be established. Formulations for improving larvicidal potency and stability, thereby reducing costs, also need to be developed.
